The organic cations and water molecules (in 1) occupy as guest species large straight channel-like voids of nearly rectangular cross-section. Com pound 1 crystallizes monoclinically with space group P2,/c (Z = 4); the com pounds 2, 3 and 4, which possess the same host-structure topology, crystallize triclinically with space group P i (Z = 2). "B-M AS N M R spectra allow the detection of small angular distortions in the pentaborate anions caused by the specific hydrogen bonding in the host frameworks. U pon heating the com pounds on a therm obalance in a dynamic inert gas atm os phere dehydration occurs at temperatures of 563 K (1), 543 K (2), 558 K (3) and 523 K (4) before degradation of the organic cations starts at tem peratures o f 633 K (1), 623 K (2), 623 K (3) and 613 K (4).
Introduction
A peculiarity of metal borates is their ability to form a vast number of different crystalline and am orphous structures, which have been investigat ed extensively [2] . On the other hand, the knowl edge o f the structures and properties of borates with organic cations is comparatively scarce. Here we report on the syntheses, crystal structures and therm al characteristics of the pentaborates 1, 2, 3 and 4. While this is the first report on com pound 3, the pentaborates 1, 2 and 4 have previously been synthesized and studied by chemical and spectro scopic and powder X-ray diffraction m ethods [3] [4] [5] .
Experimental

Preparation
M aterials used were crystalline B(OH)3 (Fluka, >99.5% ), crystalline N M e40 H -5 H 20 (Fluka, app. 97%), aqueous N E t4OH solution (Fluka, 40%), aqueous N PhM e3OH solution (Fluka, 25%), and piperidine (Fluka, app. 98%); piperidine was distilled prior to use.
* Reprint requests to Dr. Michael Wiebcke.
Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen 0932-0776/93/0700-0978/$ 01.00/0 Com pounds 1, 2 and 3 were prepared by slowly evaporating aqueous solutions of boric acid and the respective alkylammonium hydroxide in a desiccator at room tem perature until crystalliza tion was observed. The most appropriate m olar ratio B(OH)3/N R 4OH was found to be 5:1. These ratios can be varied for a given alkylammonium hydroxide within a certain range (not exactly de termined here, cf. ref. [4] ), but then boric acid may crystallize simultaneously. The crystalline prod ucts were recovered by filtration and dried in air.
Following a literature procedure [5] , compound 4 was prepared by refluxing 1.70 g piperidine (20 mmol) and 6.20 g boric acid (100 mmol) in a mixture of 20 ml benzene and 5 ml water at 348 K for 1/2 h. W ater was removed by azeotropic distil lation. After cooling to room temperature, the crystalline product was separated, washed with diethylether and dried in air.
All products were recrystallized from deionized water. The crystals are generally colourless and transparent and possess similar rod-like shapes. The chemical compositions were determined by standard volumetric titrations and CHN micro analysis.
M ethods o f characterization
Phase purity was checked by powder X-ray dif fraction (Guinier diffractometer, C uK a, radia tion).
A Netzsch Thermoanalyzer STA 429 was em ployed for simultaneous thermal analysis combin ing therm ogravim etry (TG), derivative therm ogra vimetry (D T G ) and difference thermoanalysis (DTA): A rgon atmosphere, platinium crucible, heating rate 5 K -m in _1. The studies were com bined with mass spectrometric analysis using a Balzers Q M G 511 apparatus and a special leak system as described elsewhere [6] .
A Bruker M SL 400 spectrometer equipped with a double-bearing MAS probe for 4 mm rotors was used to record solid-state UB N M R spectra: Reso nance frequency 128.33 M Hz, high-power proton decoupling, single pulse excitation, pulse width 0.6 jus (30° flip angle), pulse repetition 5 s, spinning speed 15 kHz, standard B F3 O Et2.
Single-crystal X -ray structure analyses
Suitable crystals were sealed in thin-walled glass capillaries and m ounted on an Enraf-Nonius CAD 4 diffractom eter equipped with a low-temperature device (graphite m onochrom ator, M oK a radiation, A = 0.71073 Ä). Cell constants were de termined from the angular positions o f 25 reflec tions ( 1 2 < 0 < 2 1°) . Intensities were measured by a variable coß ö-scan technique. Absorption effects were considered negligible. 979 The structures were solved by direct methods and refined by the full-matrix least-squares tech nique minimizing the function Sw(zlF)2. Reflec tions were weighted according to w = 4 F 2/[crI2 + (0.04 F 2)2]. Hydrogen atom s were generally local ized by difference-Fourier methods, with the ex ception o f those belonging to the water O 1 1 atom in 1. The hydrogen atom s were included in the re finements o f 1,2 and 4 with isotropic displacement param eters; in the case o f 3, the isotropic displace ment param eters of the hydrogen atom s were uni formly fixed at an arbitrary value but all coordi nates (apart from those o f one hydrogen atom) were varied. All non-hydrogen atom s were refined with anisotropic displacement param eters. F u r ther details of the structure analyses are collected in Table I VAX 3200 w orkstation using the Enraf-Nonius SDP program system [7] , Complex scattering fac tors for neutral atom s were taken from ref. [8] . Drawings were generated with the program s O RTEP [9] and SCH AKAL [10] .
Results and Discussion
C rystal structures from X -ray crystallography and 11B -M A S-N M R spectroscopy
Crystal data are listed in Table I , atomic param eters in Tables II to V, selected interatom ic dis tances in Table VI .
The materials under investigation are best con sidered as clathrates with closely related three-di mensional host structures built up o f oligomeric pentaborate [B50 6(0 H )4]~ ions linked via hydro gen bonds 0 -H ---0 . 
[HO] We have not investigated whether 1 is actually able to crystallize with a water content per formula unit n over the full range 0 < n < 1 , as might be anti cipated form the crystal structure.
The main characteristic of all host structures is a system of parallel, large straight channels o f nearly rectangular cross-section (Fig. 2) . In the walls be tween these large channels there exist smaller openings of oval shape (Fig. 3) , which may be con sidered to define small straight channels (angle be tween channel axis and plane o f opening ca. 45°). N ote that the structural data collected in Tables I  to V rect com parison of the host frameworks are given in Table VII .
The overall pattern of hydrogen bonds connect ing the pentaborate anions is apparently identical in all structures, yet minor differences exist be tween that o f 1 (space group P 2 ,/c) and those of 2 , 3 and 4 (space group P i). The pentaborate anions, being aligned with their long axis parallel to the di rections o f the large channels, form infinite chains of hydrogen-bonded (O 1 0 -H 10•••07) transla tion equivalent anions of given polarity, as defined by the O 1 0 -H 10 vectors (Fig. 3) . Such chains, in turn, are linked via characteristic B20 4H 2 rings with pairwise hydrogen bonding (Fig. 1) into strongly puckered layers. These linkages between chains are made in two ways: (i) in 1 via one kind of non-centrosymmetric B20 4H 2 ring ( 0 8 -H 8-04 and 0 9 -H 9 -0 3 ) thus that in a given layer the chains all have the same polarity; (ii) in 2 , 3 and 4 via two kinds of centrosymmetric B20 4H 2 ring ( 0 8 -H 8 -0 3 (2*) or 0 9 -H 9 -0 4 (2x)) thus that in a given layer adjacent chains have op posite polarity. Then, the layers are assembled in each com pound by one kind o f centrosymmetric B20 4H 2 ring ( 0 7 -H 7 -0 1 ) into the three-dimen sional network. When the structures are viewed along the directions of the large channels, the dif ferent patterns o f rectangular cross-sections occur ring, on the one hand, in 1 and, on the other hand, in 2, 3 and 4 become obvious (Fig. 4) . From simple electrostatic arguments the host-structure type with opposite chain polarity might be expected to be energetically more favourable and, indeed, is found in three out of the four compounds. The ori gin o f the somewhat different host arrangements lies in subtle host-guest interactions and is yet not understood.
The geometrical parameters of the pentaborate anions are in expected ranges [1 1 ] with some devia tion from the maximum point group symmetry 42 m (D 2d). The distortions can to a large extent be related to the specific hydrogen bonding within the host frameworks, e.g., the orientation of the ter minal OH groups depends on whether these groups take part in B20 4 H 2-ring form ation or not. In the following, those distortions that have de tectable influence on the "B -M A S-N M R spectra will be considered more closely. These spectra are very similar for the com pounds 1 to 4; the spec trum o f 1 is shown in Fig. 5 . As expected, the spec trum exhibits a sharp line at 0.9 ppm typical for highly symmetrical B 0 4 tetrahedra and at the lowfield side a broad signal with a quadrupolar lineshape due to the presence of axially symmetrical B 0 3 groups. Closer inspection o f the spectrum re veals, however, that the latter signal actually con sists o f two com ponents (shoulder on the low-field side). Since chemical analyses and powder X-ray diffraction gave no indication for the presence of any im purity (e.g., B(OH)3) in our products, we believe, that the origin of the two-component sig nal lies in the different distributions of O -B -O angles at the trigonally coordinated boron atoms B 2 to B 5. It m ust be noted that the distribution of the individual B -O bond lengths at the four B(sp2) atom s is very similar in each com pound. The angu lar deviation from ideal 12 0° is considerable (up to 4.2°) at atom s B2 to B4, which bear a terminal hy droxyl group that donates a hydrogen bond in a B20 4H 2 ring. However, the angular distortion is significantly smaller (at m ost 1 .6°) at atom B5, the terminal hydroxyl group o f which is not involved in B20 4H 2-ring formation. From a simulation of the "B N M R spectrum o f 1 with three com po nents (i) B(sp2), (ii) B'(sp2) and (iii) B(sp3) o f the in tensity ratio 3:1:1 the following reasonable values [12 , 13] 
Structural considerations
The drawings in Figs 2 to 4 and the data in T a ble VII dem onstrate that the extended networks o f pentaborate anions have a remarkable flexibility, allowing some reorientation of the anions and var iations in the hydrogen-bonding systems to fit the stereochemical requirements and hydrogen-bonding functions of the guest species. For example, the volumes per formula unit of 2, 3 and 4 (identical topology and studied at the same temperature) de viate by up to 54 A3 (ca. 13%), which approxi mately equals the maximum difference in molec ular volume (57 A 3) of the included guest cations, as taken directly from the literature or estimated from group increments [15] . Therefore, it may be anticipated that related channel-type pentaborate clathrates are obtainable with further organic cat ions of certain dimensions. In the earlier studies of hydrated borates it had already been recognized that size and shape of organic am m onium cations have a significant influence on the type o f the oligomeric borate anion that is formed [3 -5 , 16] . In the crystalline borates N R 4[B50 6(0 H )4][B(0H)3]2 with the very large cations N(«Pr)4+ and N ( azB u ) 4+ , pentaborate anions and boric acid molecules are linked via hydrogen bonds into three-dimensional networks [1 , 17] .
The crystal engineering of extended, open "diam ondoid" network structures o f hydrogen-bonded molecules with tetrahedrally distributed func tional groups, which possess the capability to guest inclusion and/or self-inclusion (i.e., interpen etration), is currently of great interest in supramolecular chemistry; see, for example, the net works o f tetracarboxylic acids (e.g., adamantane-1,3,5,7-tetracarboxylic acid and some derivatives) [18] or of some rigid tetrapyridones [19] or the mixed network formed o f cubane-like clusters [Mn(CO)3(/z3-O H )]4 and 1,2-diaminoethane mole cules [20] . The four terminal hydroxyl groups of the pentaborate anions are arranged at the corners of an elongated tetrahedron, thus constituting a kind o f "tetrahedral building unit" , too [21] . How ever, the pentaborate networks of com pounds 1 to 4 are not related to the cubic diam ond net, each anion being linked to five neighbours. 
